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Abstract

Technetium-99 is a long-lived, high-abundance fission product which has been widely
distributed in the environment through atmospheric testing, the nuclear fuel cycle, and nuclear
medicine. It has a high potential for migration in the environment as the pertechnetate anion. At
the Center for Accelerator Mass Spectrometry, methods are being developed for the detection of
this radionuclide by accelerator mass spectrometry (AMS), including extraction from
environmental samples, concentration and purification of the *Tc, conversion to a form
appropriate for AMS analysis, and quantification by AMS. Besides interference from the stable
(though relatively rare) atomic isobar *Ru, the detection of *Tc by AMS presents some technical
challenges which are not present for the other radionuclides typically measured by AMS. These
challenges are related to the lack of a stable Tc isotope. Here we present the status of our *Tc
methods including discussion of interferences and sensitivity, and recent results for
environmental samples and the IAEA reference material IAEA-381, Irish Sea water. Sensitivity
is presently ~10 puBq (~1" 10® atoms) per sample, limited primarily by *Ru introduced from

process chemicals, and precision/reproducibility is ~15-25%.
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1. Introduction

Technetium-99 is a long-lived (2.1" 10° &), high-abundance (6%) fission product which has
been widely distributed in the environment through atmospheric testing, the nuclear fuel cycle,
and nuclear medicine. It has a high potential for migration in the environment as the
pertechnetate anion. Thisradionuclide isaweak beta emitter which is difficult to measure at low
levels by decay counting methods. A number of mass spectrometric methods have been
developed to address needs for low-level *Tc measurements, including thermal ionization mass
spectrometry (TIMS),13 inductively-coupled plasma mass spectrometry (ICP-MS),4-6 resonance
ionization mass spectrometry (RIMS).7”.8 More recently, the feasibility of accelerator mass
spectrometry (AMS) for *Tc measurements has been demonstrated.9-11

Technetium-99 AMS presents technical challenges which are not encountered for the other
radionuclides typically measured by AMS. These challenges relate to the lack of a stable
technetium isotope.®19 In AMS measurements of other long-lived radionuclides, stable isotopes
of the element of interest implicitly fill several important roles such as chemical carrier, sample
matrix, internal yield monitor, and instrument normalization. In the case of *Tc, these roles
must be filled by some combination of other elements and other (radioactive) technetium
isotopes. In the present work niobium (sample matrix and instrument normalization) and *™Tc
(chemical yield monitor) are used.

A further challenge in mass spectrometric measurements of *Tc is background from the
isobaric interference ®Ru. AMS provides a significant advantage in this regard in that the high
energy of the resulting ions allows the use of nuclear-physics type particle identification for the
post-spectrometer rejection of this and other interferences. For the energies attainable with the

CAMS spectrometer, arejection of *Ru by up to two orders of magnitude is obtained.
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2. AM S measur ements of technetium-99 at LL NL

Sample Preparation

Our present samples are primarily aqueous samples or simple leachates of soils. Aqueous
samples or leachates are reduced in volume to ~100 mL (small samples are diluted to ~100 mL)
and boiled with peroxide to fully oxidize technetium and to destroy organics. Persulfate is
added if necessary to generate a more aggressive oxidation. Calcium and barium are added for
samples with high levels of dissolved salts to precipitate major matrix components. Supernatants
are filtered at 0.2 um and loaded onto a column containing 2 mL of a technetium-specific resin
(Eichrom TEVA-SpecO). Following rinsing with 0.1 and 1 M nitric acid, Tc is eluted with
15 mL of 8 M nitric into ateflon vial.

Niobium is added to the eluent as peroxoniobium!2 (2 mg total Nb in concentrated
peroxide/nitric acid solution). The vial is capped with a flow-through lid and the samples are
dried under adry nitrogen flow at low temperature on a hot plate. Once dried, the niobium oxide
pellet is transferred to a small borosilicate test tube and baked at 400° C for ~1 hr. The pellet is
then crushed to improve sample homogeneity, and pressed into a standard LLNL aluminum
AMS sample holder.

Technetium recovery is monitored using *"Tc as a tracer. Our *"Tc stock was extracted
from a spallation target and contains high *Tc concentrations. To avoid this contamination in
samples prepared for AMS analyses, separate splits were taken for recovery measurements. An
alternative source of ®"Tc, reported to produce *Tc-free material,3 is alpha bombardment of
®Nb, which we plan to employ for future measurements. Results of the tracer work show
typicaly high recovery (> 90%) for agueous samples and mixed results for soil leachates,
depending on the soil type. Transfers of pertechnetate onto and off of the column, and ultimately

to the final sample pellet, are consistently quantitative.
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AMS Measurement

AMS measurements are performed using the LLNL AMS spectrometer (Figure 1).14.15
Negative ions are produced in the cesium sputter sourcel® and accelerated to 40 kV. *Tc*0*
and ®Nb'0" ions are quasi-simultaneously injected into the accelerator (~3 Hz cycle; 1 ms
®Nb'*0*; 300 ms *Tc®0™). The high energy spectrometer is set to select *Tc™ ions at 125
MeV energy, and “Nb™* current is measured in an off-axis Faraday cup located after the first
high energy analyzing magnet. Count rates are ~5 s* for samples containing 100 fg *Tc, and
samples can be measured for >30 min, for a total efficiency ~1-2° 10° detected counts per
sample atom. Extracted ®Nb™0O* currents are typically 1-2 pA, and stripping yield in the 13+
charge state is 4-5%.

lon counting is performed using a gas ionization detector filled to 110 Torr with P10 (90%
argon, 10% methane). Differentia energy loss is measured in 3 anodes. Two dimensional
spectra (first anode v. third anode), gated on the second anode, are used for particle
identification. *Ru and *Tc peaks are not fully resolved at the energies available with the 10
MV LLNL accelerator. Separate Tc and Ru windows are placed on the spectra, with ~85% of
the Tc events and ~25% of the Ru events occurring within the Tc window. For quality control, a
third window is included to monitor for Mo events which are occasionally evident in the spectra.
The detected Mo rate is nearly aways negligible compared to the Ru rate for environmental
samples. Corrected Tc, Ru, and Mo counts are determined analytically from the gated events.
Counting uncertainties and systematic uncertainties in the deconvolution (caused by small gain
shifts in the detector) are included in the corrected results. The parameters (the fractions of Tc,
Ru, and Mo events in each cut) for the deconvolution are determined by repeatedly running
blanks, high activity Tc standards, and spiked Ru samples as part of the measurement protocol.

Ratios of Tc counts to Nb integrated charge, corrected for electronics deadtime and®Ru

background, are computed for each sample. This ratio is converted to total sample *Tc by
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normalizing to the same ratio as measured for *Tc standards, then multiplying by the amount of

Nb carrier solution added.
3. Resaults

We have measured *Tc in soil leachates and fresh and sea water samples. Sensitivity of 10-
20 fg is typical for each sample type, and low-level standards containing 20 fg *Tc are readily
measureable above background.  Three difficulties have been encountered in these
measurements. These are: variability in the measured ratios; matrix material which is not
removed during sample preparation; and relatively high ruthenium levels in some samples.

To evaluate our methods, we measured *Tc concentrations in the reference material IAEA-
381, Irish Seawater. A *Tc activity of 217+11 mBg/kg was reported in the IAEA report on this
material.1’ Figure 2 shows the results for a set of 20 IAEA-381 aliquots which were included as
part of a set of ~120 environmental samples (plus associated blanks, standards, and tests)
measured over a 3 day period. The average of the AMS results is 190 mBg/kg, with a standard
deviation of £14%. No correction for chemical recovery isincluded in these results. If the two
most extreme outliers are removed, the average remains 190 mBg/kg and the standard deviation
drops to £10%.

The variability observed in the IAEA-381 results is typical of that seen in samples and
standards. The source of this sample-to-sample variation is time-dependence in the Tc/Nb ratio
measured for an individual sample over the course of the measurement. This time-dependence
has aso been reported by the AMS group at the Australian National University, where Tc/Rh
ratios are measured.18 This variability may be caused by differences in the sputtering rates of Tc
and Nb or sample inhomogeneity. The effect of this time-dependence can be reduced by
integrating the measurement over a longer time, and assuring that the integration time is as
similar as possible for different samples. Presently this represents the major limitation to our

measurements.
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Fresh water samples from 1-200 mL have been measured with ~15 fg sensitivity. Based on
the relative ease of sample preparation for water samples, samples as large as 1 L should be
easily measureable with an expected sensitivity of ~0.01 mBg/kg (~0.3 fCi/L).

Soil leachates have been measured in arid soils for samples up to 250 g. A difficulty in the
largest samples (and in some ~100 mL freshwater samples) is the presence of significant
quantities (milligrams) of non-volatile material (presumably soluble salts) which are not fully
removed by the sample chemistry. For quality control, each pellet is weighed after baking. The
primary effect of this material is dilution of the niobium and technetium, resulting in low or
undetectable signals — no interferences from this material are observed in the detector spectra.
Since it is not known how this dilution might affect the measured Tc/Nb ratio, these samples are
flagged as suspect. Efforts to fully identify and remove this remaining material is ongoing.
Initial experience shows that precipitation steps using calcium and barium, combined with
additional rinse volumes of the column prior to elution, can reduce this material to acceptable
levelsin most cases.

In a recent depth profile of an arid soil using 60-220 g aliquots, the average and standard
deviation of 18 baseline samples was 1+11 fg per aiquot (Figure 3). Surface activity,
presumably from fallout, of 0.1-2 mBg/kg was readily measurable above background. A near
surface sample was also readily measureable above background, with a measured value of 15 fg
®Tcina120 g aliquot. These results are still preliminary, but they demonstrate the sensitivity of

the method.
3. Conclusions

AMS is arapid, sensitive method for *Tc measurements in a variety of sample types. Low
femtogram sensitivity (similar for instance to TIMS3) is obtained through high detection
efficiency, MeV ion energies which allow unambiguous measurement and subtraction of *Ru

isobaric interferences, and molecular dissociation during acceleration. The relatively simple
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sample preparation and high throughput of AMS analyses will allow future studies which require

both high sensitivity and large data sets.
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Figure Captions
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Figurel Accelerator mass spectrometry measurements of *Tc at LLNL. Samples are
prepared as technetium oxide in a niobium oxide matrix, then placed in the Cs-
sputter source. The resulting *Tc*O~ and *Nb™*®O~ ions are accelerated to 9 MV,
then passed through a thin carbon foil where the molecules are dissociated and outer
electrons are stripped, producing multiply charged positive ions. The high energy
spectrometer is set to accept ¥Tc*** ions, which are transported to the gas ionization
detector following rigidity and velocity analysis. *Nb** currents are measured in an
off-axis Faraday cup following the first high energy magnet.
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Figure2. AMS measurements of ¥Tc in IAEA-381, Irish Sea Water. For comparison, the
IAEA report on this material lists a single reported *Tc concentration of 217+11
mBg/kg (dashed line) (Povinec, et al. 1999). For the present work, 20 aiquots (1-10
0) were prepared as described in the text, then analyzed with other samples over the
course of 3 days. The average for all values (solid line) is 190 mBg/kg with a
standard deviation of +14%. When the two most extreme outliers are excluded, the
average remains 190 mBg/kg, and the standard deviation drops to £10%. These
AMS results should be considered preliminary.
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Figure3. AMS measurements of *Tc in arid soils. Measurement vertical distribution of
®Tc in an arid soil. Samples, 60-220 g, were leached for 48 h at pH < 2, and the
leachate was prepared and measured as described in the text. The average measured
®Tc for samples below 100 cm depth is 1 fg per sample with a standard deviation of
+11 fg.

10



Submitted to Nuclear Instruments and Methods B, as part of the proceedings of the
8th International Conference on Accelerator Mass Spectrometry, Vienna, 1999.

Bibliography

1 b Rokop, N. C. Schroeder, and K. Wolfsberg, Mass Spectrometry of Technetium At the Subpicogram Level,
Ana Chem 62, 1271-1274 (1990).

2 N. C. Schroeder, D. Morgan, D. J. Rokop, and J. Fabrykamartin, Migration of Technetium-99 in the Alluvial
Aquifer At the Nevada Test Ste, Nevada, Radiochim Acta 60, 203-209 (1993).

3 P. Dixon, D. B. Curtis, J. Musgrave, F. Roensch, J. Roach, and D. Rokop, Analysis of naturally produced
technetium and plutoniumin geologic materials, Anal Chem 69, 1692-1699 (1997).

4 R C.Richter, S. R. Koi rtyohann, and S. S. Jurisson, Determination of technetium-99 in aqueous solutions by
inductively coupled plasma mass spectrometry: Effects of chemical form and memory, J Anal Atom Spectrom
12, 557-562 (1997).

5 K. Tagami, S. Uchida, and M. Garcial.eon, Comparison of a radiation counting method and ICP-MS for the
determination of Tc-99 in environmental samples, J Radioanal Nucl Chem 234, 147-151 (1998).

6 AE Eroglu, C. W. McLeod, K. S. Leonard, and D. McCubbin, Determination of technetium in sea-water
using ion exchange and inductively coupled plasma mass spectrometry with ultrasonic nebulisation, J Anal
Atom Spectrom 13, 875-878 (1998).

7 G. Passler, N. Erdmann, H. U. Hasse, G. Herrmann, G. Huber, S. Kohler, J. V. Kratz, A. Mansdl, M.
Nunnemann, N. Trautmann, and A. Waldek, Application of laser mass spectrometry for trace analysis of
plutonium and technetium, Kerntechnik 62, 85-90 (1997).

8 K. Wendt, K. Blaum, B. A. Bushaw, C. Gruning, R. Horn, G. Huber, J. V. Kratz, P. Kunz, P. Muller, W.
Nortershauser, M. Nunnemann, G. Passler, A. Schmitt, N. Trautmann, and A. Waldek, Recent developmentsin
and applications of resonance ionization mass spectrometry, Fresenius J Anal Chem 364, 471-477 (1999).

9 J E.McAninch, A. A. Marchetti, B. A. Bergquist, N. J. Stoyer, G. J. Nimz, M. W. Caffee, R. C. Finkel, K. J.
Moody, E. SiderasHaddad, B. A. Buchholz, B. K. Esser, and |. D. Proctor, Detection of Tc-99 by accelerator
mass spectrometry: Preliminary investigations, J Radioanal Nucl Chem 234, 125-129 (1998).

10 3. E. McAninch and I. D. Proctor, Technetium-99 and Strontium-90 as indicators of covert reprocessing
activities, Lawrence Livermore National Laboratory, Report No. UCRL-ID-122643 (1995).

11 | K. Fifield, Advancesin accelerator mass spectrometry., These proceedings. (1999).

12 35 Prakash, Advanced chemistry of rare elements, [1st American ] ed. (Chemical Pub. Co., New Y ork,, 1967).

13 T, Sekine, M. Konishi, H. Kudo, K. Tagami, and S. Uchida, Separation of carrier free Tc-95m from niobium
targets irradiated with alpha-particles, J Radioanal Nucl Chem 239, 483-487 (1999).

14 J.C. Davis, I. D. Proctor, J. R. Southon, M. W. Caffee, D. W. Heikkinen, M. L. Roberts, T. L. Moore, K. W.
Turteltaub, D. E. Nelson, D. H. Loyd, and J. S. Vogel, LInl/Uc Ams Facility and Research Program, Nucl
Instrum Meth Phys Res B 52, 269-272 (1990).

15 M. L. Roberts, G. S. Bench, T. A. Brown, M. W. Caffee, R. C. Finkel, S. Freeman, L. J. Hainsworth, M.
Kashgarian, J. E. McAninch, |. D. Proctor, J. R. Southon, and J. S. Vogel, The LLNL AMS facility, Nucl
Instrum Meth Phys Res B 123, 57-61 (1997).

16 3 R. Southon and M. L. Roberts, Ten years of sourcery at CAMS/LLNL — evolution of a Csion source, These
proceedings. (1999).

17

P. P. Povinec, M. K. Phan, and S. Ballestra, Report on the intercomparison run and certified reference
material 1AEA-381: Radionuclides in Irish Sea Water, International Atomic Energy Agency, Marine
Environment Laboratory, (1999).

11



Submitted to Nuclear Instruments and Methods B, as part of the proceedings of the
8th International Conference on Accelerator Mass Spectrometry, Vienna, 1999.

18 | K.Fifield, personal communication (1998).

12



